Biology and genetic improvement of Jatropha curcas L.: a review by Divakara, B N et al.
Applied Energy xxx (2009) xxx–xxx
ARTICLE IN PRESSContents lists available at ScienceDirect
Applied Energy
journal homepage: www.elsevier .com/locate /apenergyBiology and genetic improvement of Jatropha curcas L.: A review
B.N. Divakara a,*, H.D. Upadhyaya a,1, S.P. Wani b,2, C.L. Laxmipathi Gowda a,3
aGlobal Theme on Crop Improvement, International Crops Research Institute for the Semi Arid Tropics, Patancheru – 502 324, Hyderabad, Andhra Pradesh, India
bGlobal Theme of Agroecosystems, International Crops Research Institute for the Semi Arid Tropics, Patancheru – 502 324, Hyderabad, Andhra Pradesh, India
a r t i c l e i n f o a b s t r a c tArticle history:
Received 19 March 2009
Received in revised form 15 July 2009
Accepted 17 July 2009
Available online xxxx
Keywords:
Jatropha curcas
Floral biology
Genetic improvement0306-2619/$ - see front matter  2009 Elsevier Ltd. A
doi:10.1016/j.apenergy.2009.07.013
* Corresponding author. Tel.: +91 4030713329; fax
E-mail addresses: bn.divakara@cgiar.org (B.N. Div
Gowda).
1 Tel.: +91 4030713333.
2 Tel.: +91 4030713466.
3 Tel.: +91 4030713354.
Please cite this article in press as: Divakara BN
j.apenergy.2009.07.013Bio-diesel is a fast-developing alternative fuel in many developed and developing countries of the world.
The bio-diesel production from vegetable oils during 2004–2005 was estimated 2.36 million tonnes
globally. Of this, EU countries accounted for about 82% and USA about 6%. Global bio-diesel production
is set to reach some 24 billion litres by 2017. Shortage of edible oil for human consumption in developing
countries does not favour its use for bio-diesel production. Hence non-edible oil from crops like Jatropha
(Jatropha curcas) and Pongamia (Pongamia pinnata) is favoured for bio-diesel production and the trend is
expected to continue. Especially J. curcas has gained attention in tropical and sub-tropical countries and
has spread beyond its centre of origin, because of its hardiness, easy propagation, drought endurance,
high oil content, rapid growth, adaptation to wide agro-climatic conditions, and multiple uses of plant
as a whole. The full potential of J. curcas has not been realized due to several technological and economic
reasons. One of the major reasons is the lack of high yielding varieties with high oil content. In this
review, we attempt to discuss the currently available information on Jatropha species identity, taxonomy
and description, distribution and ecological requirements of the species, possibilities of exploitation of
genetic potentiality, exploitation of existing diversity for yield and oil content by direct selection, hybrid-
ization and creation of diversity by mutation, and biotechnological interventions.
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1.1. Global status of bio-diesel requirement
Biomass as a source of renewable energy is fundamental for
development and sustenance of civilization. In view of growing
interest for renewable energy sources, liquid bio-energy produc-
tion from vegetable oils is one of the possible options to reduce
greenhouse gas (GHG) emissions. Bio-diesel production from veg-
etable oils during 2004–2005 was estimated to be 2.36 million ton-
nes globally. Of this, EU countries (1.93 million tonnes) with
expectation of 30% annual increase and the USA (0.14 million ton-
nes) together accounted for 88% and rest of the world (0.29 million
tonnes) for the remaining 12% [1]. Global bio-diesel production is
set to grow at slightly higher rate than bio-ethanol and will reach
24 billion litres by being the largest share by 2017 [2].
1.2. Bio-diesel crops
Bio-diesel is expanding very fast because of demand, necessary
policy support and technological availability. India consumes
approximately 40 million tonnes of diesel and ranked ﬁfth in the
world after the US, China, Russia and Japan in terms of fossil fuel
consumption. Recently, Government of India launched ‘‘National
Mission on Bio-diesel” with a view to ﬁnd a cheap and renewable
liquid fuel based on vegetable oils [3]. However, shortage of raw
material to produce bio-diesel is a major constraint [4]. The total
number of oil-bearing species range from 100 to 300, and of them
63 belonging to 30 plant families hold promise for bio-diesel pro-
duction [5]. Many developed countries are using edible oil-seed
crops such as soybean, rapeseed, groundnut, sunﬂower for produc-
tion of bio-diesel. However, developing countries like India, having
dearth of huge quantity of edible oil (6.31 million tonnes) for con-
sumption, cannot afford to use edible oils for bio-diesel production
and hence non-edible oil seeds such as Pongamia (Pongamia pin-
nata) and Jatropha (Jatropha curcas) are explored along with meet-
ing additional criteria of greening the wastelands without
compromising the food, fodder security and improve livelihoods
[4,6]. Thus, J. curcaswhich meets the American and European stan-
dards, gained importance in tropical and sub-tropical countries [7].
1.3. J. curcas L. as a choice crop
J. curcas is native of tropical America, but is now found abun-
dantly in many tropical and sub-tropical regions throughout Africa
and Asia because of likely distribution by Portuguese ships via the
Cape Verde islands and Guinea Bissau [8]. J. curcas has spread be-
yond its original distribution because of its hardiness, easy propa-
gation, drought endurance, high oil content, low seed cost, shortcite this article in press as: Divakara BN et al. Biology and genetic impr
ergy.2009.07.013gestation period, rapid growth, adoption to wide agro-climatic
condition, bushy/shrubby nature and multiple uses of different
plant parts [9–11]. Added to this, qualitative sustainability assess-
ment, focusing on environmental impacts and strengthened by
some socioeconomic issues, is quite favorable as long as jatropha
is cultivated on wastelands/degraded lands [12]. In view of these
advantages, many investors, policy makers and clean development
mechanism (CDM) project developers are interested to tackle the
twin challenges of energy supply and GHG emission reduction.
1.4. Reasons for review
For several reasons, both technical and economical, the full po-
tential of J. curcas is far from being realized. Apart from agronomic,
socioeconomic and institutional constraints, planned crop
improvement programs are lacking globally. Earlier research pro-
grams involving large-scale plantations launched in Brazil, Nicara-
gua and India indicated that the crop productivity is far too low to
be commercialized. In extreme cases, the plantations failed to pro-
duce fruits. There is limited information available on genetics and
agronomy of jatropha. There is lack of bench mark descriptors and
information on genetic variability, effects of environment and
genotype  environment (G  E) interaction [13]. Furthermore,
there is a need for integration of the available scattered knowledge
on, and experiences with crop performance of different J. curcas
provenances in different environments and management interven-
tions. Keeping this in view, an attempt is made to review available
literature on genetic improvement of J. curcas from various jour-
nals, articles, reports and conference proceedings to cover wider
range of information.
2. Jatropha naming and species
Current name is J. curcas Linnaeus (Euphorbiaceae). Linnaeus
[14] was the ﬁrst to name the physic nut J. curcas L. The genus
name Jatropha derives from the Greek word jatr´os (doctor) and
troph´e (food), which implies its medicinal uses. According to Deh-
gan and Webster [15] and Schultze-Motel [16], synonyms of the
physic nut are: Curcas purgans Medik.; Ricinus americanus Miller.;
Castiglionia lobata Ruiz & Pavon.; Jatropha edulis Cerv.; J. acerifolia
Salisb.; Ricinus jarak Thunb.; Curcas adansoni Endl.; Curcas indica
A. Rich.; Jatropha yucatanensis Briq.; Curcas curcas (L.) Britton &
Millsp. Table 1 presents vernacular names.
2.1. Taxonomy and description
2.1.1. Taxonomic status
The genus Jatropha belongs to tribe Joannesieae of Crotonoideae
in the Euphorbiaceae family, and contains approximately 175ovement of Jatropha curcas L.: A review. Appl Energy (2009), doi:10.1016/
Table 1
Common/vernacular names Jatropha curcas.
Language/country Name
English purging nut
French pourghère, pignon d’Inde
Dutch purgeernoot
German purgiernuß, Brechnuß
Portuguese purgueira
Italian fagiola d’India
Arab dand barrî, habel meluk
Sanskrit kanananaeranda, parvataranda
Hindi (India) ratanjyot, bagbherenda, jangli arandi, safed arand, bagaranda
Nepal kadam
Chinese yu-lu-tzu
Thailand sabudam
Philippines túbang-bákod, Tuba-tuba
Indonesia jarak budeg
Côte d’Ivoire bagani
Togo kpoti
Senegal tabanani
Angola mupuluka
Nigeria butuje
Tanzania makaen
Mexico piñoncillo
Costa Rica coquillo, template
Puerto Rico tártago
Brazil mundubi-assu
Peru piñol
Guatemala Pinón
Sources: [16,17].
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made by Pax [18] and now distinguish two subgenera (Curcas
and Jatropha) of the genus Jatropha, with 10 sections and 10 sub-
sections to accommodate the Old and New World species. They
postulated the physic nut {J. curcas L. [sect. Curcas (Adans.) Griseb.,
subg. Curcas (Adans.) Pax]} to be the most primitive form of the
Jatropha genus. Species in other sections evolved from the physic
nut or another ancestral form, with changes in growth habit and
ﬂower structures.
2.1.2. Botanical description of J. curcas
The physic nut, by deﬁnition, is a small perennial tree or large
shrub, which can reach a height of three to 5 m, but can attain a
height of 8 or 10 m under favorable conditions. The plant shows
articulated growth [11] straight trunk, thick branchlets with a soft
wood and a life expectancy of up to 50 years [19]. Flowering occurs
during the wet season [20] often with two ﬂowering peaks, i.e. dur-
ing summer and autumn. In the permanently humid regions, ﬂow-
ering occurs throughout the year [8]. The inﬂorescence is axillary
paniculate polychasial cymes formed terminally on branches and
are complex, possessing main and co-ﬂorescences with paracladia.
Flowers are unisexual, monoeceious, greenish yellow colored in
terminal long, peduncled paniculate cymes. Male ﬂowers: calyx
segments 5, nearly equal, elliptic or obviate; corolla is campanu-
late, lobes 5, connate, hairy inside, exceeding the calyx, each lobe
bear inside a gland at the base, stamens 10 in two series, outer ﬁve
ﬁlaments free, inner ﬁve ﬁlaments connate, anthers dithecous
erect, opening by longitudinal slit. Female ﬂowers: sepals up to
18 mm long, persistent; calyx as in male, corolla 4 scarcely exceed-
ing the calyx lobes united, villous inside; ovary 3-locular, ellipsoid,
1.5–2 mm in diameter, style biﬁd, ovules solitary in each cell. The
inﬂorescences form a bunch of green trilocular ellipsoidal fruits
yielding approximately 10 or more ovoid fruits [21]. The exocarp
remains ﬂeshy until the seeds are mature. Wiehr [22] and Droit
[23] described the microscopical anatomy of the seeds in detail,
while Singh [24] described that of fruits.Please cite this article in press as: Divakara BN et al. Biology and genetic impr
j.apenergy.2009.07.0132.2. Floral architecture and breeding system
2.2.1. Receptivity of male and female gametes
J. curcas is monoecious, and produces male and female ﬂowers
in the same inﬂorescence. Microsporogenesis and male gameto-
genesis of J. curcas was studied by Liu et al. [25]. Male ﬂowers of
J. curcas have ten stamens, each of which bear four microsporangia.
The development of the anther wall is of the dicotyledonous type,
and is composed of an epidermis, endothecium, middle layer(s)
and glandular tapetum. Chang-wei et al. [26] studied the pollen
viability, stigma receptivity and reproductive features and found
that, the life span of the male ﬂower is about two days. Its pollen
viability is relatively high – 9 h after blooming and gets low 33 h
later – and pollen hardly has any viability after 48 h. The life span
of the female ﬂower is about 5–12 days. The stigma receptivity is
strong during 1st–4th day and begins to decline 5th day onwards
and completely loses its receptivity on 9th day. There is no obvious
secretion on the stigma. The higher proportion of green stigma
indicates stronger receptivity. A few styles do not open after peri-
anth’s opening during rain and the stigma receptivity is quiet low.
Normally, J. curcas shows protandry, while the female ﬂowers open
later, with 60% opening from the 3rd to the 5th day. There are still
many unopen male ﬂowers after all female ﬂowers arer opened.
This provides time for receptive stigma to get pollens from male
ﬂowers, and enhance the opportunity of reproductive success. In
a few racemes, and the female ﬂowers opened ﬁrstly shows a ten-
dency to promote xenogamy (cross-pollination) and minimize gei-
tonogamy (self-pollination) [26]. Dhillon et al. [27] observed
ﬂowering at the terminal end of branches after rainy season in In-
dia. However, some plants ﬂower even in spring season (March–
April). The average male to female (M/F) ﬂower ratio was 20:1,
which changes drastically (108:1) with the fall in temperature.
Usual peak period of ﬂowering varies from 3 to 20 days. Prakash
et al. [28] observed variation in the M/F ratio per inﬂorescence dur-
ing the ﬁrst year with average M/F ratio of 25:1, and it reduced to
13:1 in the second year indicating a positive trend towards produc-
tivity. Bhattacharya et al. [29] examined the forenoon pattern of
anthesis with subsequent pollen release with each male ﬂower
producing 1617 ± 100 pollen with Pollen:Ovule ratio as 539:1.
The stigmas become receptive 2 h after anthesis, coinciding with
nectar secretion and pollen presentation schedule. Each female
ﬂower (4.54 ± 0.82 lL) produces higher amount of nectar than
male ﬂower (1.92 ± 0.44 lL). Qing et al. [30] recorded 17 species
of ﬂoral visitors among which 11 species were pollinators (Apis
dorsata, A. ﬂorea, A. mellifera, Eumenes conica, Vespa sp.) with two
ﬂoral visiting peaks at 10.00–12.00 and 16.00–17.00 h everyday.
Among the different insect visitors Apis spp. were the most fre-
quent. Sucrose level inﬂuence ﬂower-visit duration, pollen removal
and deposition on stigmas by honeybees [29]. Period of fruit devel-
opment and maturity ranged from 55 to 61 days from date of ﬁrst
fruit initiation [27].
2.2.2. Nature of pollination
Breeding system plays a critical role in deciding the route of
plant evolution and hence breeding [31]. There are three kinds of
mechanisms in plant breeding systems; geitonogamy, xenogamy
and apomixsis [32]. In spite of the common existence of geitonog-
amy, the tendency to promote xenogamy is still universally signif-
icant way of evolution in angiosperms [33,34]. Plants have various
adaptive ways to guarantee xenogamy, such as dioecism (separa-
tion between male and female sexual plants), dichogamy (timing
separation of male and female sexual functions), opposite styles,
styles of different lengths and self-incompatibility [35,36]. The re-
sults of breeding system indicated 32.9% fruit setting under selﬁng
and 89.7% under natural pollination in jatropha. The high fruit set-
ting under open pollination revealed that the plant is capable ofovement of Jatropha curcas L.: A review. Appl Energy (2009), doi:10.1016/
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breeding system represents facultative cross-pollination [27].
However the fruit sets of artiﬁcial self-pollination, artiﬁcial cross-
pollination and natural cross-pollination were 87.93%, 86.66%
and 76.42%, respectively, which indicated that J. curcas was self-
compatible and tended to cross-pollinate [30]. The ability to self-
pollinate through geitonogamy is considered to be adaptive for J.
curcas for colonization [20]. Fifty percent of female ﬂowers set fruit
with 53% fecundity rate, 32% apomixis rate and 2:3 seed-ovule ra-
tio [29]. Chang-wei et al. [37] and Abdelgadir et al. [38] suggest
that fruit production can be boosted by manipulating biological
processes of pollination and growth.3. Genetic improvement
Very little is known about Jatropha genome. Chromosomes are
of very small size (bivalent length 1–3.67 lm) with most species
having 2n = 22 and base number of x = 11 [39]. It is attractive can-
didate for genome sequencing with genome size (1C) to be
416 Mbp [40]. J. curcas is an introduced plant to many countries
of Asia, Africa and Latin America and there have not been many
systematic efforts for improvement of this crop. Improved varieties
with desirable traits for speciﬁc growing conditions are not avail-
able, which makes growing jatropha a risky business [13]. The
objectives for genetic upgradation of the crop should aim at more
number of female ﬂowers or pistillate plants, high seed yield with
high oil content, early maturity, resistance to pests and diseases,
drought tolerance/resistance, reduced plant height and high natu-
ral ramiﬁcation of branches. In addition to these targets, genetic
improvement in general characteristics and methyl ester composi-
tion to make it more suitable for bio-diesel production as com-
pared to Pongamia pinnata (Table 2) are also important.
Correlation studies conducted by Mukta et al. [45] in P. pinnataTable 2
Oil and methyl ester composition and general characteristics of Jatropha curcas and Ponga
Jatropha curcas
Oil Methyl esters
Major fuel properties
Density (g cm3) 0.916 0.875
Flashpoint (C) 235 186
Cetane number 46.3 57–62
Carbon Residue (%) 0.38 0.18
Sulfur content (%) 0–0.13 0.0036
Caloriﬁc value (MJ kg1) 39.63 39.65
Acid Number (mg KOH g1) 3.71 0.27
Iodine number (mg iodine g1) 101.7 95–106
Saponiﬁcation number (mg g1) 195 202.6
Free glycerol (%) – 0.015–0.030
Total glycerol (%) – 0.088–0.100
Viscosity at 40 C (mm2/s) 40.06 4.20
General characteristics Jatropha curcas
Ecosystem Arid to semi-arid, up to 500 m altitude
Rainfall Low to medium up to 1200 mm
Soil Well drained soils
Nitrogen ﬁxation Non ﬁxer
Plant suitability Wastelands, degraded lands, live fence for arable lan
green capping of bunds, shallow soils
Plant habit Mostly bush, can be trained as small tree
Leaves Not palatable by livestock
Gestation period Short, 3rd year
Yield 1.0 kg/plant
Oil content 27–38% in seed
Protein 38%
Fire wood Not useful
Sources: [19,41–44,58].
Please cite this article in press as: Divakara BN et al. Biology and genetic impr
j.apenergy.2009.07.013has indicated that, with increase in cetane number (ability of fuel
to ignite), iodine number decreases, which means un-saturation
decreases. Since iodine number is under strong genetic control
(unpublished data), using genotype having low iodine number will
prelude to efﬁcient bio-diesel yielders with high cetane number.
Sujatha [46] and Sujatha et al. [47] reported that genetic improve-
ment and domestication of J. curcas should follow the same course
as that of castor (Ricinus communis L.) belongs to the same family.
Castor has been improved from a perennial wild to annual domes-
ticate, having short internodes with varying ﬂower sexuality ratios
from completely pistillate to predominantly male types [48]. The
success is due to the use of mutation techniques, selection of germ-
plasm and identiﬁcation of pistillate variants [49]. J. curcas can be
improved through assessment of variation in wild source and
selection of superior/elite genotypes and application of mutation,
alien gene transfer through inter-speciﬁc hybridization and bio-
technological interventions to bring the change in the desired
traits. Enhancement of productivity can be achieved through
development of pistillate plants and/or to identify divergent par-
ents, which can later be exploited by heterosis. Development of
pistillate plants through mutation and inter-speciﬁc hybridization
techniques is time consuming. Meanwhile, physiological manipu-
lation of sexuality, applying gametocides to enhance the M/F ratio
and altering the expression levels of enzymes in the triacylglycerol
biosynthetic (Kennedy) pathway [50] may also be considered to in-
crease yield.3.1. Germplasm collection, characterization and availability
The key for success of any genetic improvement programme lies
in the availability of genetic variability for desired traits [8]. Genet-
ic resource through global exploration, introduction, characteriza-
tion and evaluation will provide strong base for development ofmia pinnata.
Pongamia pinnata EN 14214:2003
Oil Methyl esters
0.909 0.876 0.860–0.900
232 183 >120
54.0 55.0 >51
1.51 – <0.3
0.007 – <0.01
– 37.12 –
5.91 0.42 <0.5
89 91 <120
185 187 –
– 0.015 <0.02
– 0.797 <0.25
41.06 4.66 3.5–5.0
Pongamia pinnata
Semi-arid to sub-humid, up to 1200 m altitude
Medium to high up to 2500 mm
Tolerant to water logging, saline and alkaline soils
N2 – ﬁxing
ds, Field boundary, river and stream banks stabilization, wastelands,
tank foreshore
Tree can be managed as bush by repeated pruning but will affect
yield
Not palatable by livestock, used as green leaf mulch
Long, 7th year
10–200 kg/tree
27–39% in kernel
30–40%
Good as ﬁrewood, high caloriﬁc value 4600 k cal/kg
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work on collection, characterization and evaluation of germplasm
for growth, morphology, seed characteristics and yield traits is still
in its infancy. The fact that jatropha has adapted itself to a wide
range of edaphic and ecological conditions suggest that there exists
considerable amount of genetic variability to be exploited for po-
tential realization [51]. Species and provenance trials contribute
fundamental information for further breeding and genetic
improvement [52]. Systematic provenance trials have not yet been
carried out with the physicnut to the necessary extent, and mate-
rial from the centre of origin has not been sufﬁciently screened.
The genetic background of the physic nut grown in Africa and Asia
is unclear. Certain provenances may differ relatively from others if
cultivated at different sites, which is due to G  E interaction
[53,54]. Priority should be given to assess intra- and inter-acces-
sional variability in the available germplasm, selection of pure
lines and then multiplication. Existence of natural hybrid com-
plexes is reported in the genus Jatropha, such as, J. curcas-canascens
complex in Mexico [55], J. integerrima–hastata complex in Cuba
and West Indian islands [18] and J. curcas–gossypifolia (J. tanjoren-
sis) in India [56]. Hence, germplasm exhibiting gross morphological
differences should be subjected for pollen studies and lines with
pollen abnormality or poor seed set should be investigated in detail
before drawing conclusions about the distinctness. Makkar et al.
[57] reported large variations in contents of crude protein, crude
fat, neutral detergent ﬁber and ash on 18 different provenances
of jatropha from countries in West and East Africa, the Americas
and Asia. Wani et al. [58] recorded variation in Indian accessions
for oil content (27.8–38.4%) and 100 seed weight (44–77 g). Kaus-
hik et al. [59] explored the variability in Haryana-India accessions
to ﬁnd wide variation in 100 seed weight (49–69 g) and oil content
(28–39%). Similarly Rao et al. [51] found wide variation in 100 seed
weight (57–79 g) and oil content (30–37%) for Andhra Pradesh, In-
dia, accessions.
3.2. Genetic studies of traits
Although selection based on seed characters would simplify the
task, there still exist several limitations and doubts in these se-
lected plants because of season and time bound expression of
genes of interest. Knowledge of genetic variation in branching pat-
tern, M/F ﬂower ratio, pest resistance, drought resistance and yield
attributes in wild jatropha germplasm can be of great potential in
improvement programs. This is particularly important in selection
of genotypes with more oil content and yield. Hence a large scale
collection of germplasm from selected plus trees, their conserva-
tion and the evaluation program of various jatropha accessions is
essential to understand patterns of variability. Estimation of corre-
lation among characters, broad sense heritability and genetic ad-
vance will be useful to determine the extent to which
improvement is possible through selection.
Kaushik et al. [59] recorded coefﬁcients of variance between 24
Haryana provenances, India, which envisaged that environment
has comparatively low inﬂuence on the seed traits and oil content.
High broad sense heritability and high genetic advance for oil con-
tent in jatropha indicates potentiality of test material for further
improvement through selection [51,59]. Positive signiﬁcant associ-
ation was observed between seed weight and oil content [59]. Rao
et al. [51] evaluated genetic association and variability in seed and
growth characters and found that M/F ratio had the highest posi-
tive direct relationship with seed yield (0.789), followed by num-
ber of branches (0.612) and number of days from fruiting to
maturity (0.431) with high heritability for these traits. In another
study using ten sources from central India, seed oil content was
signiﬁcantly correlated with seed weight (0.792), stem diameter
(0.836) and total leaf area (0.883) [60]. Observation on inﬂuencePlease cite this article in press as: Divakara BN et al. Biology and genetic impr
j.apenergy.2009.07.013of regional climate [61] and altitudinal ranges [62] on seed oil con-
tent variation are recorded.
3.3. Phenotypic diversity studies
Analysis of phenotypic diversity in germplasm collections can
facilitate reliable classiﬁcation of accessions and its identiﬁcation
with future utility for speciﬁc breeding purposes. There are very
few studies on phenotypic diversity involving a limited number
of germplasm and their suggested use in hybridization. Sunil
et al. [63] developed a methodology for identiﬁcation of superior
lines by assessing the phenotypic traits of plants recorded in situ.
Further, they generated grid maps for the distribution pattern
based on plant height, number of primary branches, collar length,
number of fruits per cluster and oil content using Geographic Infor-
mation System (GIS) to ﬁnd the potential area for germplasm with
high oil content based on rarefaction method of DIVA-GIS [64].
Heller [65] tested 13 provenances in multilocation ﬁeld trials in
1987 and 1988 in two countries of the Sahel region: Senegal and
Cape Verde. Signiﬁcant differences in the vegetative development
except leaf shape were detected among the various provenances
at all locations. Kaushik et al. [59] studied divergence among 24
accessions using non-hierarchical Euclidian cluster analysis for
seed traits in jatropha and suggested that the crossing between
accessions of clusters IV and VI will result in wide spectrum of var-
iability in subsequent generations. Gohil and Pandya [66] analysed
diversity based on phenotypic traits of nine jatropha genotypes
and suggested that for varietal improvement, hybridization among
the genotypes of divergent clusters (clusters – III, IV and V) may be
done in order to obtain better results in terms of variability and
diversity. Rao et al. [51] observed four clusters with phylogeo-
graphic patterns of genetic diversity among 32 high yielding candi-
date plus trees of J. curcas for seed traits.
3.4. Selection and genetic improvement
The core activities of genetic improvement programs are selec-
tion and breeding. J. curcas is an often cross-pollinated crop and
hence following genetic improvement methods can be applied to
exploit genetic variation in jatropha: (i) mass selection; (ii) recur-
rent selection; (iii) mutation breeding; (iv) heterosis breeding and
(v) inter-speciﬁc hybridization.
3.4.1. Mass selection
Mass selection is the simplest, easiest and oldest method of
selection where individual superior plants are selected based on
their phenotypic performance and bulk seed is used to produce
the next generation for genetic improvement (Fig. 1). To make
genetic gains by this technique, there must be a positive off-
spring-parent regression which in turn depends greatly upon the
magnitude of the environmental effects in the parental population.
However, mass selection has a major drawback of lack of control of
the pollen source, confusing effect of the environment and reduced
population size leading to inbreeding depression. But these disad-
vantages can be taken care by de-tasselling/roughing of inferiors
and crossing with of bulked pollens of superior plants. Mishra
[67] devised a paired comparison method for selecting plus pheno-
types of J. curcas trees with due importance to seed and oil yields. A
global effort to evaluate the genetic variability in J. curcas was ini-
tiated by Montes et al. [68] using 225 accessions collected from 30
countries in Asia, Africa and Latin America and found low genetic
variation in African and Indian accessions and high genetic varia-
tion in Guatemalan and other Latin American accessions. This is
in support of earlier phenotypic and genotypic evaluation studied
by Basha and Sujatha [69] on accessions of India. In India, Jatropha
germplasm including a few wild species have been introducedovement of Jatropha curcas L.: A review. Appl Energy (2009), doi:10.1016/
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Nepal but these include only one or two accessions. Wild J. curcas
germplasm is available in tropical America, Africa and South Asia
[8,55]. This indicates the need for widening the genetic base of J.
curcas germplasm as new source of genetic variation.
In India, the National Oilseeds and Vegetable Oils Development
(NOVOD) Board (Ministry of Agriculture, Government of India) has
identiﬁed 1855 candidate plus trees (CPTs) of jatropha and has
over ﬁve thousand accessions collected with a network of 40 insti-
tutions. The oil content varies from 26.0% to 42.7% [70]. Depart-
ment of Biotechnology (DBT), Government of India, launched
micro-mission on production of quality planting material with
30–40% oil and 3–5 tonnes/ha seed yield, under this mission
1500 accessions have been collected [71]. Kaushik et al. [72] ana-
lysed one thousand samples of jatropha seeds representing twelve
states of India for oil content and kernel seed coat ratio and re-
ported that collection from Uttaranchal recorded highest percent-
age of high oil yielding plants (73%). Most of the J. curcas
varieties spread all over the world viz. the variety – Cape Verde,
variety from Nicaragua and a non-toxic variety from Mexico are
developed from selections made in the natural populations
[8,12]. The ﬁrst variety, SDAUJ I (Chatrapati), has been identiﬁed
for commercial cultivation in the semi-arid and arid regions of
Gujarat and Rajasthan in India (http://www.icar.org.in/pr/
10052006.htm). Indian Council of Agricultural Research (ICAR)
launched network project in which, 28 seed sources were identi-
ﬁed as the best among 496 seed sources [73].3.4.2. Recurrent selection
Recurrent selection schemes were devised in relation to heter-
osis breeding and may be useful in improving speciﬁc combining
ability in jatropha by overcome all deﬁciencies of mass selection.
The idea was to ensure the isolation of superior inbred from thePlease cite this article in press as: Divakara BN et al. Biology and genetic impr
j.apenergy.2009.07.013populations subjected to recurrent selection for their ultimate
utilization in the production of hybrid and synthetic varieties.
Theoretically, recurrent selection is a breeding procedure for
increasing the frequency of desirable genes within a population
while maintaining sufﬁcient variability for continued selection.
Jatropha being a cross-pollinated plant, 15 open-pollinated varie-
ties have been developed using mass selection and recurrent selec-
tion methods in India and are under testing in the National Trials.
After obtaining the required data on seed yield, oil content and oil
quality, disease and insect pest resistance, the best performing
genotypes will be released as new varieties of jatropha by adopting
the standard procedure [70]. The importance of such consider-
ations to tree breeding programs is obvious.3.4.3. Mutation breeding
Mutation is a sudden heritable change in a character as a result
of change in gene or chromosome(s). Mutations occur in natural
populations at low rate and are generally recessive and random.
Mutation in tree crops is considered attractive because of lacunae
in conventional breeding like time consuming, unpredictable re-
sults, long juvenile phase, high heterozygosity and fear of loss of
the unique genotype. However, mutation breeding is not directed
and long drawn but is one of the available options for genetic
improvement of J. curcas with modest levels of variability. Muta-
tion breeding studies in J. curcas carried out in Thailand using fast
neutrons and isolated dwarf or early ﬂowering mutants from the
M3 generation, but the potential productivity of these variants un-
der intensive cultivation conditions was not proved [74]. Dwima-
hyani and Ishak [75] used induced mutations in J. curcas for
improvement of agronomic characters with irradiation dose of
10 Gy and identiﬁed mutant plants with early maturity, 100 seeds
weight (30% over control) and better branch growth. In India,
mutation breeding using chemical and physical mutagens has beenovement of Jatropha curcas L.: A review. Appl Energy (2009), doi:10.1016/
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oped mutants are being characterized using DNA markers [70].
Mutation studies undertaken at National Botanical Research Insti-
tute (NBRI), Lucknow, India has led to induction of cotyledonary
variabilities in J. curcas [76]. The mutants themselves may not be
suitable for direct release, but they do provide the necessary alleles
for developing superior cultivars with desirable traits.
3.4.4. Heterosis breeding
The exploitation of heterosis is a common objective in plant
breeding [77]. Heterosis in tree growth is evident in many hybrids
and perhaps best illustrated in studies of Eucalyptus and Populus
(the genus of poplars and aspens). J. curcas as a facultative cross-
pollinated crop shows heterosis, particularly when inbred lines
are used as parent. Based on the earlier experience from other
cross-fertilized crops, it appears that in jatropha application of het-
erosis breeding could justify hybrid variety production. Seed and
oil yield can be genetically enhanced through simple selection of
superior germplasm and release as cultivars. In addition, hybrid
cultivars could be bred to use the heterosis effect. Literature on
jatropha improvement through heterosis are scarce. Inter-speciﬁc
hybrids utilizing J. curcas as the female parent and J. integerrima
as the male parent indicated that the F1 hybrids had a wide range
of variation for vegetative, ﬂowering and fruiting characters [78].
3.4.5. Inter-speciﬁc hybridization
The early views that inter-speciﬁc hybridization would be a
panacea for all tree improvement problems has largely been dis-
pelled. Heterosis in hybrids, far from being a common phenome-
non, is rare. Probably the more promising, and most useful
contribution of inter-speciﬁc hybridization is in transferring desir-
able genes from one species to another, e.g. Populus, Eucalyptus. As
any forest tree, J. curcas breeding is a time-consuming process due
to perenniality. Since, most of the Jatropha species are insensitive
to photoperiod and bear ﬂowers continuously, selection and gener-
ation advancement can be accomplished without much time lapse.
Other added advantage is the propensity of J. curcas towards inter-
speciﬁc hybridization, supported by propagation both through
seeds and vegetative propagule, which helps in rapid multiplica-
tion and acceleration of the breeding programs. Usually breeding
objectives in J. curcas depend on solving speciﬁc problems of culti-
vation and intended application of economic output (seed and oil).
Components that contribute to physic nut seed and oil yield per
hectare are: more number of pistillate ﬂowers per inﬂorescence
and subsequent number of capsules per shrub, 1000-seed weight,
oil content of seeds (%) and plants per hectare. As the maximum
number of seeds per capsule is limited and the agronomic factor
of planting density does not offer much ﬂexibility for increasing
yields, selection should focus on the other yield contributing
components.
Dehgan and Webster [15] regarded J. curcas as the most primi-
tive member of the genus because of its ability to interbreed with
species of both the subgenera. Evolution of the genus Jatropha led
to specialization of vegetative structures, culminating in a faculta-
tive annual growth habit in section Jatropha and in rhizomatous-
sub-shrub habit in section Mozzina. Studies on phylogenetic
signiﬁcance of inter-speciﬁc hybridization in jatropha by Dehgan
[79] conﬁning to identiﬁcation of crossability barriers and morpho-
logical characterization revealed that all F1 hybrids, except J. curcas
x J. multiﬁda, were more vigorous than the parental species. The
species that could be crossed unilaterally with J. curcas as female
parent include J. macrorhiza, J. capensis, J. cathartica, J. multiﬁda, J.
podagrica, J. cordata, and J. cinerea. Inter-speciﬁc hybridization
has immense scope for improving the genetic architecture and
agronomic attributes of J. curcas [46]. Initial success in obtaining
inter-speciﬁc F1 and back cross (BC1) plants with low phorbol es-Please cite this article in press as: Divakara BN et al. Biology and genetic impr
j.apenergy.2009.07.013ters and improved agronomic traits in J. curcas and further BC pop-
ulations leading to varieties with targeted traits has been reported
(http://precedings.nature.com/documents/2782/version/1). To in-
crease genetic diversity and add new alleles, inter-speciﬁc cross-
pollination was attempted between J. curcas and other Jatropha
species by Parthiban et al. [80] to develop new hybrids with higher
yield potential and resistance to diseases. Among all the crosses,
the cross between J. curcas and J. integerrima produced successful
hybrids with more seed set, while the other crosses failed to pro-
duce seeds due to existence of crossability barriers. In contrary Ba-
sha and Sujatha [81] produced artiﬁcial hybrids between J. curcas
and all Jatropha species used in the study with the exception of J.
podagricawithout any crossability barriers. Evaluation of backcross
inter-speciﬁc derivatives of cross involving J. curcas and J. integerr-
ima indicate scope for prebreeding and genetic enhancement of J.
curcas through inter-speciﬁc hybridization [80–83].
J. curcas has been considered to be less attacked by insect pests
and diseases are merely based on solitary tree observation. The po-
tential value of related species in genetic enhancement of resis-
tance of J. curcas to various biotic stresses is of immense
importance. Blue bugs and green stink bug will be sucking on fruits
(Scutellera nobilis) and capsule-borer (Pempelia morosalis) will
damage the fruits. However, incidence of pests (scutellarid bug,
inﬂorescence and capsule-borer, blister miner (Stomphastis thraus-
tica), semi-looper (Achaea janata), ﬂower beetle (Oxycetonia versi-
color), defoliator and pod borer and diseases (collar rot, black rot,
leaf spots, root rot, damping off and Cassava mosaic virus) is fre-
quently reported and particularly when the crop is raised as plan-
tations. Screening of ﬁve Jatropha species against foliage feeders
revealed resistance of J. integerrima in terms of maximum mortal-
ity, low larval weight gain with or without pupation [84]. Drought,
soil salinity and water logging are major abiotic stresses in areas of
jatropha cultivation. Due to complex nature of these stresses and
lack of appropriate screening technologies no systematic breeding
program has undertaken. However, adaptability improvement of J.
curcas to problematic sites can be achieved through grafting of J.
curcas scions with J. gossypifolia stock since it thrives well on saline
soils [46].3.5. Breeding programs
3.5.1. Global perspective
At global level, J. curcas evaluation, breeding and propagation
programme is carried from 2006 to 2010 byWageningen University
and Research Centre, Plant Research International, the Netherlands
(www.jatropha.wur.nl). Efforts on screening of different genotypes
and breeding has begun in order to produce high yielding plants at
Lao Institute of Renewable Energy (LIRE) – Lao PDR (http://
www.lao-ire.org/j1.4-jatropha-breeding-experiments.html). Sur-
factant and Bio-energy Resource Centre (SBRC) in Bogor has started
jatropha breeding activities by developing germplasm collection
farm with about 200 accessions from various areas in Indonesia
and overseas which will be used to engineer plants with preferred
traits. Characterization of physical and morphological properties
and genetic characterization for further variety engineering are in
progress (http://id.sbrc-ipb.com). The Centro Hispaniola de Investi-
gación en Bioenergias y Agricultura Sostenible (CHIBAS) – bi-na-
tional (Haiti and Dominican Republic) based in the Dominican
Republic is improving the stocks of jatropha by establishing an efﬁ-
cient jatropha germplasm repository (live collection) and the devel-
opment and release of germplasm (new improved varieties)
adapted to the new needs for oil and bio-diesel production
(www.chibas-bio-energy.org/en-web-jatropha.pdf). The Agricul-
tural Research Trust (ART), Zimbabwe has developed non-toxic
varieties of J. curcas, which would make the seed cake followingovement of Jatropha curcas L.: A review. Appl Energy (2009), doi:10.1016/
Table 3
Characterization of accessions using molecular markers.
Species/accessions Primers Number References
142 AFLP – DBTIndia [96]
5 RAPD 18 GaneshRam et al. [97]
22 RAPD 7 Ranade et al. [98]
DAMD 4
13 RAPD 20 Gupta et al. [99]
ISSR 14
7 RAPD 52 Pamidiamarri et al. [100]
AFLP 27
20 RAPD – Reddy et al. [101]
AFLP –
43 RAPD 400 Basha and Sujatha [69]
ISSR 100
225 AFLP – Montes et al. [68]
58 SSR 30 Sun et al. [95]
AFLP 7
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(http://precedings.nature.com/documents/2658/version/1).
3.5.2. Indian perspective
National Oilseeds and Vegetable Oils Development (NOVOD)
Board (Ministry of Agriculture, Government of India) has over ﬁve
thousand accessions collected with a network of 40 institutions
and found 39 hybrid clones which showed wide variation in their
morphological traits. Reproductive biological studies were under-
taken in all hybrid clones. The preliminary results of this study
showed that four species viz. J. curcas, J. gossyfolia, J. multiﬁda and
J. podagricawere found cross in-compatible to each other. Apomic-
tic nature (fruit development without fertilization) of J. podagrica
and J. multiﬁda was detected by crossing ﬁve different species of
Jatropha in all possible combinations and concluded not to use
these two species as female parents, but their pollens from male
ﬂowers can be used for pollinating the other species. However,
the crosses were successful when J. multiﬁda (50% oil content)
was used as male (#) and J. curcas (23–38%) as female ($) parent.
The crossability barriers between these two species are weak and
the cross combination aids in enhancement of oil content. A strong
reciprocal compatibility was also found between J. curcas and J.
integerrima and successful hybrid plants were developed [70].
3.6. Biotechnological intervention
The small genome size, chromosome number, ease of vegetative
manipulation [85] and transformation [86] are favorable features
for the use of biotechnological tools for J. curcas improvement.
The potential beneﬁt of biotechnological intervention in jatropha
improvement is possibility of gaining time in certain improvement
process. Conventional propagation of J. curcas is beset with prob-
lems of poor seed viability, low germination, scanty and delayed
rooting of seedlings and vegetative cuttings [8,87]. Plants propa-
gated by cuttings show a lower longevity and possess a lower
drought and disease resistance than those propagated by seeds
[8]. Plants produced from cuttings do not produce true taproots
(hence are less drought tolerant); rather, they produce pseudo-tap-
roots that may penetrate only one-half to two-thirds the depth of
the soil compared to taproots produced on seed grown plants [8].
Added to this, a large amount of quality planting material is re-
quired for future use. Considering its enormous potential, in depth
studies need to be made for use of biotechnological tools in jatro-
pha genetic improvement.
3.6.1. Micro-propagation application
The tissue culture protocols serve as a prelude for genetic
improvement through biotechnological tools. Micro-propagation
of J. curcas has been reported by various authors [85,88], using dif-
ferent tissues except nodal explants from the ﬁeld grown plants.
Regardless of the species and explant used, shoot regeneration oc-
curred on medium supplemented with benzyladenine and indole-
butyric acid but the concentration of growth regulators varied with
the genotype and explant. Also in all of the cases the multiplication
rate was low for application. These studies revealed that the scope
for improvement of J. curcas through somatic hybridization [89] in
inter-speciﬁc crosses limited by crossability barriers. Somatic
embryogenesis not only helps to obtain a large number of plants
year round, but also can act as a powerful tool for genetic improve-
ment of any plant species because of its single cell origin [90].
3.6.2. Molecular markers in genetic diversity analysis and selection
The development and use of molecular markers for the detec-
tion and exploitation of DNA polymorphism is one of the signiﬁ-
cant achievements in the ﬁeld of molecular genetics which
accelerate breeding by establishment of molecular ﬁngerprintsPlease cite this article in press as: Divakara BN et al. Biology and genetic impr
j.apenergy.2009.07.013for distinct and most divergent accessions using diversity analysis
[91]. DNA based markers such as Random Ampliﬁed Polymorphism
DNA (RAPD), Enhanced Random Ampliﬁed Polymorphism DNA
(ERAPD), Simple Sequence RepeatSimple Sequence Repeat (Simple
Sequence Repeat), Sequence Characterized Ampliﬁed Region
(SCAR), Ampliﬁed Fragment Length Polymorphism (AFLP) and In-
ter-Simple Sequence Repeat (ISSR) can be used to assist breeding
through Marker Assisted Selection (MAS) to select prospective
varieties from seedling stage. Microsatellite markers are available
for a few Euphorbiaceae members and are being developed for cas-
tor [92,93; http://castorbean.tigr.org/]. As the developmental costs
for microsatellite markers are high, cross-taxa utility of molecular
markers from hevea and cassava could be assessed as done in other
plant species [94]. Majority of the studies are conﬁned to charac-
terization of accessions available in India (Table 3) except Basha
and Sujatha [69] having one non-toxic accession from Mexico,
Montes et al. [68] having accessions from 30 countries and Sun
et al. [95] having accessions from south China. Regardless of the
number of accessions used, the robustness of the primer and num-
ber of marker data points, all accessions from India clustered to-
gether. In general, diversity analysis with local germplasm
revealed a narrow genetic base in India [69,97] and south China
[95], indicating the need for widening the genetic base of J. curcas
through introduction of accessions with broader geographical
background and creation of variation through mutation and
hybridization techniques. In contrary to the above studies, AFLP-
based molecular characterization of J. curcas accessions from And-
hra Pradesh were found diverse as these were scattered in different
groups, showed occurrence of higher number of unique/rare frag-
ments and had greater variation in percentage oil content [102].
However, careful understanding of the phylogeny and use of ade-
quate number of molecular markers are essential prerequisites
for drawing valid inferences about the genetic afﬁnities [47]. How-
ever, Basha and Sujatha [81] characterized Jatropha species occur-
ring in India using nuclear and organelle speciﬁc primers revealed
high inter-speciﬁc genetic variation (98.5% polymorphism). Fur-
ther characterization of both natural and artiﬁcially produced hy-
brids using chloroplast speciﬁc markers revealed maternal
inheritance of the markers [81]. In support, genetic variation stud-
ies using RAPD, AFLP and combinatorial tubulin based polymor-
phism (cTBP) indicating higher possibilities of improving J. curcas
by inter-speciﬁc breeding (http://precedings.nature.com/docu-
ments/2782/version/1). Hence, molecular diversity estimates com-
bined with the datasets on other agronomic traits will be very
useful for selecting the appropriate accessions.ovement of Jatropha curcas L.: A review. Appl Energy (2009), doi:10.1016/
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Genetic engineering through transformation has been widely
used to obtain transgenic plants through some stages in molecular
and cellular biological techniques is another valuable method for
the development of J. curcas variety. Recently a new full length
cDNA of stearoyl-acyl carrier protein desaturase was obtained by
RT-PCR and RACE techniques from developing seeds of Jatropha
and the gene was functionally expressed in Escherichia coli [103].
It is an important enzyme for fatty acid biosynthesis in higher
plants and also plays an important role in determining the ratio
of saturated fatty acid to unsaturated fatty acids in plants [104].
For understanding the molecular mechanism of salt and drought
tolerance, a new full length cDNA encoding aquaporin (JcPIP2)
was isolated from seedling of J. curcas, the abundance of JcPIP2
was induced by heavy drought stress and it plays an important role
in rapid growth of Jatropha under dry conditions [105]. Zhang et al.
[106] reported a novel betaine aldehyde dehydrogenase gene
(BADH) named JcBD1 (cloned by RT-PCR and RACE techniques from
J. curcas) is increasingly expressed in leaves undergoing environ-
mental stress like drought (30% PEG), heat (50 C) and salt
(300 mM NaCl). The JcBD1 protien was functionally expressed in
Escherichia coli and conferred its resistance to abiotic stresses like
salt. Li et al. [107] established highly efﬁcient genetic transforma-
tion procedure for J. curcas for the ﬁrst time via Agrobacterium tum-
efaciens infection of cotyledon disc explants. This helps in genetic
modiﬁcation and subsequent in vitro multiplication of cultivars
for various uses. Further, the technology helps in better under-
standing and subsequent improvement of the oil biosynthesis
pathway, which could have positive implications on reducing the
world’s dependence on fossil reserves.3.6.4. Jatropha genome project
Synthetic Genomics Inc. (SGI) and Asiatic Centre for Genome
Technology (ACGT) completed jatropha genome project. The
sequencing of the genome, using both traditional sanger sequenc-
ing and next generation sequencing, has revealed that the jatropha
genome is approximately 400 million base pairs in size, similar to
the size of the rice genome. Annotation of genome to identify genes
of interest helps in discovering genetic variation using marker-as-
sisted breeding and provide information on factors controlling oil
synthesis, maximizing yield, biotic and abiotic stress tolerance
and low-curcin variants (http://greenbio.checkbiotech.org/news/
ﬁrst_jatropha_genome_completed_synthetic_genomics_inc_and_
asiati 511 c_centre_genome_tech).4. Future strategy for crop improvement
J. curcas is still in its infancy with respect to genetic improve-
ment for increasing seed and oil yield per unit area. Genetic
improvement activities so far involved only collection and selec-
tion in local germplasm and hence initiatives to evaluate global
germplasm is necessary, to study pattern of diversity for various
traits. Genetic improvement using conventional breeding ap-
proaches has to be initiated at more places and integrated with lat-
est biotechnological techniques for reducing time and increasing
efﬁciency of breeding. Potential of the new varieties developed
has to be further tested for their performance, through multiloca-
tion trials. Development of techniques such as, somoclonal vari-
ants, mutations, doubled haploids, and gene transfer which
support plant breeding activities should be emphasized. Similar
to other crops, heritability of seed traits is the most common pre-
dictor of genetic gains for different breeding methods in jatropha.
Application of information from jatropha genome project can be
used in marker-assisted breeding to accelerate and complement
conventional breeding. Genetic transformation and gene transferPlease cite this article in press as: Divakara BN et al. Biology and genetic impr
j.apenergy.2009.07.013is particularly important for traits for which variability is unavail-
able in the cultivated species.
5. Conclusions
J. curcas has spread beyond its original distribution because of
its hardiness, easy propagation, drought endurance, high oil con-
tent, low seed cost, short gestation period, rapid growth, adoption
to wide agro-climatic condition, bushy/shruby nature and multiple
uses of different plant parts. Although jatropha is well known for
having wide adaptability and plethora of uses, the full potential
of J. curcas is far from being realized because of several reasons. Im-
proved varieties with desirable traits for speciﬁc growing condi-
tions are not available, which makes growing jatropha a risky
business. Apart from agronomic, socioeconomic and institutional
constraints, planned crop improvement programs are lacking glob-
ally. Hence, J. curcas can be improved through assessment of vari-
ation in wild sources and selection of superior/elite genotypes and
application of mutation, alien gene transfer through inter-speciﬁc
hybridization and biotechnological interventions to bring the
change in the desired traits. Enhancement of productivity can be
achieved through development of pistillate plants and exploiting
by heterosis.
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